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ABSTRACT 


The investigation of the variance o: cohesion 

in a saturated illite clay with respect to normal 
stresses, rates of strain and preconsolidation neces- 
sarily concerns itsclf with the general subject of 
shear resistance, The original Coulomb equation, 
SS: c+ Tat, ® , treated cohesion as a constant value 
for a particular soil. Later modifications led to the 
Krey-Tiedeman cquation, «= p.tang,+ oT ten®, which pre- 
sented cohesion as a variable. It is shown in this 
work that cohesion is a variable but much more com- 
peex than ¢= Pp.fand. 

ReCOnterayvestipauiens by Jats Turnbow) 

(Ref. 14) support the theory that cohesion reaches 

meen Values for fine clays under large normal stressos. 
Turnbull suggested criteria which would enable a de- 
Memmination of true cohesion, true angle of friction 

and capiliary normal stress from shearing resistance 
tests at two or more rates of strain. The criteria, 
presented in the form of six laws, was found inapplicable 
to a saturated illite. 

Direct shear tests were made on saturated 
illite samples preconsolidated to 1, 2 and 4 tons/sq.ft. 
at two rates of strain: .02 in/min and .003 in/min. 

The results were plotted in a mannor after Hvorslev 


Mock. 5) Fo Obtain tame truc angle of friction and the 


ale 





Crier conosuon. 

True cohesion was found not only to vary di- 
rectly with normal stress but also to be dependent upon 
the rate of strain and pore pressure. The relationship 
of these factors is so oxtremely complicated that no 
Servoria could be evolved from tho limited number ‘er 
tests performed. 

Both the @ngle ot internal triction and angen 
ecw Pressure Vary anversely with ratesol strains sihere 
ms strong evidence that the angle of internal friction 
1s not constant for a given normal stress at a given 


rate of strain, under saturated conditions. 


_— 





PAR Ta 


INTRODUCTION 


Ae Statement of Problem 


The investigation which forms the subject of 


this thesis was undertaken to determine the applicabil- 


ity of J. McNeill Turnbull's (Ref. 14) six laws pertain- 


ing to the shearing resistance of soils to a saturated 


illite clay. 


The six laws recommended as suitable for 


use in the design of proposed structures and propounded 


as valid at various rates of strain on any particular 


Sample of soil under uniform testing conditions are: 


1. 


Se 


4. 


Proportionality between capillary normal 
stress and rates of strain. 

Unique point of intersection for curves 
representing maximum shearing resistance 
at each rate of strain. (Fig. VIII) 
Unique point of intersection, at the same 
maximum shearing resistance as the unique 
point of Law 2, of the curves representing 
the solution of Coulomb's equation for a 
particular applied normal stress at each 
rate of strain. (Fig. VIII) 

Unique point of intersection for the cohe- 
Sion curves at each rate of strain, ee 


(Fig. VIII) 





zc 


5. Magnitude of true cohesion and true inter- 
nal friction for any particular svaiue oi 
maximum shearing resistance is the same at 
each rate of strain. 

6. Angle of internal friction at each rate of 
strain has a constant value for all normal 
stresses. 

Two changes in nomenclature have been made by 
mae writer in describing normal stresses. Instead of 
the term capillary normal pressure the writer uses the 
term intrinsic pressure under the assumption that no 
dependable capillary pressure exists in a completely 
saturated condition. Secondly, the term vertical load 
is substituted for applied normal stress as a matter 
of convenience. 

Resistance of soils to shearing forces is 
basically the most important factor which confronts a 
foundation engineer. Shearing strength depends upon the 
cohesion and internal friction of a soil. 

Cohesion was formerly assumed to be indepen- 
dent of all applied pressures. It is now generally 
acknowledged that cohesion is related to normal pressure 
in much the same manner as internal friction, but to a 
lesser degree. How much significance this relation has 
to the foundation engineer is yet to be determined. It 


is the intention of this work to record the effects of 





normal pressure on a nearly pure illite under the sup- 
position that in taking a known clay mineral and show- 
ing the variation of cohesion with normal pressure an 

appreciation can be had of its affect on a given cohe- 
sive Soi of which 211ite forms one of the major scon- 

stituents. 

Many factors enter the determination of the 
shearing strength of a cohesive soil: angle of inter- 
Meer riccion; intrinsic pressure; major, intermediate 
and minor principal stresses; intergranular stress; 
neutral stress; cohesion; colloidal phenomena; shear 
speed; drainage condition; moisture content; air con- 
tent; gradation; molecular structure and chemical com- 
peswbion; past history; density. From this itist it 
becomes apparent that any attempt to isolate cohesion 
would be impossible. However, with reasonable care 
and control, cohesion can be studied as a part of the 
shearing strength when these factors are ascertained 
or nullified. 

There is a school of thought in Soil Mechan- 
ics that to divide shear strength into two major compo- 
nents is of questionable value in practice. One can 
see immediately that such an attitude is justified on 
the basis of simplicity and has not only appeal to the 
practicing engineer but is the ultimate goal of any 


strength invertigation. On the other hand, a complete 


knowledge of choesive action may be the key to more ac- 
curate evaluations and predictions of the bearing ca- 
pacity of cohesive soils, 

To study the problem one series of direct 
shear tests were run on the illite at vertical loads of 
+, $, 1, 2 and 4 tons/sq.ft. Using the maximum values 
of shear resistance obtained from this series, a curve 
of maximum shearing resistance was established. Next, 
a series of direct shear tests were run at vertical 
loads of +, 4, 1 and 2 tons/sq.ft. on samples preloaded 
to 4 tons/sq.ft. Similar tests were run on samples 
preloaded to 1 and 2 tons/sq/ft. From maximum shearing 
resistance values determined by the latter series of 
tests, three additional curves could be plotted to show 
true cohesion and the angle of internal friction at a 
Beweuicular rate of strain. 

The entire procedure was performed at two 
rates of strain: .02 in/min and .003 in/min. These 
rates were the extremes obtainable on the test machine 
without modifications thereto. 

A rate of strain of «O02 dn/min on illite, a 
relatively impermeable material as compared to natural 
soil mixtures, is well within the limitations estab- 
lished for the quick-consolidated test. Drainage, 
while not actually prohibited by sealing the speci- 
mens, was effectively impaired by the characteristic 


impermeability inherent to illite. 





An intermediate condition between a quick- 
consolidated test and a drained test exists for the 
case of a rate of strain of .003 in/min. There is 
evidence of some drainage, but not to the fullest ex- 
tent possible under an unlimited time duration. 

A description of the clay mineral illite com- 
plete with x-ray diffraction, differential thermal curves, 
source, geological age and physical properties is given 
in Part IV. Most work undertaken and reported in the 
literature on shear testing and cohesion generally does 
not define the material tested in such detail, The 
writer has found this to be one possibility for the 
variations and even disagreements reported by different 


investigators. 





B. Historical Review 

Very little literature is available on the 
subject of cohesion as treated by the theory that it 
is functionally dependent on preconsolidation loads. 
Extensive use has been made of the Turnbull (Ref. 14) 
paper in this investigation. 

Hogentogler (Ref. 4) cites a cohesive soil 
investigation in which the internal angle of friction 
increases with an increase in preconsolidation load, 
and that the importance of cohesion decreases im com- 


parison. 


Hvorslev (Ref. 5) appears to have been the 
first to report the relation of cohesion to precon- 
solidation loads. Only excerpts from the original 
Danish texts have been located. These excerpts show 
no allowance for variations in rate of strain or in-~ 
trinsic pressure, 

Modern texts on Soil Mechanics still tender 


the original Coulomb theory of constant cohesion. 
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foe 
THEORY 


iE emee ett). 

Shearing strength of a soil is its ability to 
withstand shearing stresses. Failure occurs in the form 
foeclipping when its maximum resistance is exceeded. 
Shear strength is made up of internal friction (resis- 
tance due to interlocking of particles) and cohesion 
(resistance due to the molecular attraction between par- 
meeles). 

In most clay soils the shearing strength is 
Serived primarily from cohesion and secondarily from 
Paieernal friction, Both factors vary with moisture con- 
tent and density, thus they depend upon the state of 
Som before loading, and drainage conditions during the 
PeecesS Of loading and shearing. 

to develop the tneory Cf emicariIne  sureme caecs, 
pmcell the classical beginning is with Coulomb's equation 


S=crg-tan % where: 


Sa shearing strength 
as normal pressure on the failure plane 
C= apparent cohesion independent of normal pressure 
d= amele ol fricsion 
It will be shown in the following development 


that c is actually dependent upon normal pressure. 





B. Development of Theory 

io Sliding eel eLion 

Consider a body shown in Fig. 1. P, is a ver- 
tical force acting on the body whereas P, acts horizontally 
in such a manner as to tend to produce sliding. The re- 
sultant R of the two forces P,, and P, acts at angle x 
the angle of obliqity. When P, reaches 4 magnitude that 
fm actually produce sliding, the angle « increases te 
a maximum angle @ which is the angle of friction. The 
term tan @ is the coefficient of friction. 

Thea Oro COndiUlCie et INiewomeat “Sli dinazewe 
have P, =P, tang or S satan 9 


where S - hos 
i 


Gen 


A 

The physical properties of the body and the 
plane determine the value of @. Roughness of the sur- 
meee. absorbed films or forces of attraction will effect 


the value of @ for any given material. 


Beeeeouress at a Point 

To have an appreciation of shearing stress, a 
review of the stresses at any point in a solid is of great 
value. Consider the point 0, Fig. @, which represents 


any point in a stressed body. OX represents the major 








P= P, TAN 


FIG. | ILLUSTRATION OF ANGLE OF FRICTION 





FIG. Il SURE SS) wal A POINT 








10 
principal plane and OY represents the minor principal 
plane; in other words, the planes which intersect at 
90° and have zero shearing stress. 

For-equiliaprium to exist on the ineluiicawe ae 
in terms of unit stresses the following equations hold: 
Cire ns | ue On cas SO 
oe 7 CONG Gas |S 


Qrocl oe 


(J -T3)3siNnS cose 


eae Mohr Diagram 

Stress at a point can most easily be shown 
graphically by means of the Mohr diagram. The Mohr 
diagram is composed of two major parts: the Mohr cir- 
cle of stress and the Mohr envelope. 

The Mohr circle of stress is a locus of points 
which represent normal stresses as abScissas and shear- 
maeeouresses as ordinates for all values of O defined 
meemwes, The center of the circle is located on the ab- 
Secissa and cuts the abscissa at (normal stress on 
major principal plane) and (normal stress on minor 
principal plane) as shown in Fig. III. Thus a point on 
the circle represents the coordinates of stress on some 
Plane. This characteristic gives an excellent visuali- 


Zation of the orientation of various planes. 





A 
oe = 


FIG. Il] MOHR DIAGRAM 





FIG. IV MOHR DIAGRAM ILLUSTRATING INTRINSIC PRESSURE 


die 


The Mohr envelope is shown as the lines OA and 
OA; in this case the maxiisum value of the angle of ob- 
Ligity is shown tangent to the Mohr circle and therefore 
is equal to @. On any plane the shearing stress is 
T= @tanx and for cohesionless soils then S§:W1tanq 

Prom the foretoing, tiie Molir theory of samecuae 
fem be expressed for any fiohr circle within the Mohr en-= 
velope as representing a stable condition whereas any 
eurclée tangent to the envelope represents a condition 
feeimmenent failures 

The Mohr envelope is characteristic for a piven 
material and is entirely independent of imposed stresses. 
Gmecic other hand, the Mohr circle is independent of the 
feweria) and represents only the imposed stresses. 

Hone seGMeory of SrupTUre ia vac apple ss c.G he 
meevorily to soils with the following limitations: 

1. Intermediate principal stress has no 

appreciable effect on Shear strength. 
2. No variablesother than pressure have 
any ellect on shear strenetn. 

Both of these limitations are found to a small 
@oeree in soils and will vary with density, structure, 
emecd Of shear and other variables mentioned previously. 
Taylor (Ref. 11 ) states that most of these factors 


have minor effects. 
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To earry through the Mohr's theory of ruprure 
for cohesive soils a depiction of tensile properties 
will be shown. Under tensile conditions intrinsic pres- 
sure, pressure which has been applied some time in the 
past and has increased the intergranular attraction of 
the mass, becomes of major importance. 

If a body has tensile strength it is readily 
shown on the Mohr diagram as a normal stress to the left 
Semune origin of coordinates. The minor principal stress 
is thus represented as a negative value as shown in 
Fig.e[Ve Under the assumption that the Hohr envelope is 
a straight line, O'A can be drawn tangent to the Mohr 
circle, which represents failure of a mass under tension 
end compression respectively. The distance O'O repre- 
Senus the intrinsic pressure Pas 

The intercept of O!'A on the OY axis then rep- 
resents cohesion in a soil and C = P, tan Q® from which 
Sz P, tan @+a-tan @ indicating that Coulomb's assump- 
tom Of cohesion being constant is an over simplification 


of the problem. 
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Cohesion is presented in a variety of ways by 
authors dealing with the subject. An excellent means of 
gaining a broad understanding of cohesion as it pertains 
pemsoils is to study these presentations. 

Terzaghi (Refs 12 ): The bond between the 
Sem particles is called cohesion. 

If one makes a series of slow tests on a clay 
with a given initial water content after increasing the 
pressure on the samples from zero to different values 
To, SUC.sone Fels an Squat viol, 

S2:C +07 fan ®P 

If one makes another series of tests on speci- 
mens of the same material after preceding consolidation 
Oumeoamples under a pressure which is higher than the 
Meevepressures one gets another equation 

S= C+ Stand’ 
wherein c' is consibcrably higher than c and g% considerably 
smaller than %. Hence using Coulomb's equation in con- 
Heevion with clays, the reader should remember that the 
values c and @ contained in this equation represent 
merely two empirical coefficients in the equation of a 
straight line. The term cohesion is retained only for 
historical reasons. It is used as an abbreviation of the 
Peameapparent cohesion. In contrast to the apparent 


Pemesion, the true cohesion represents that part of the 


ie 
shearing resistance of a soil which is a function only 
ef water content. It amciudes not only ¢ taeCowtemy’s 
equation but also an appreciable part of otan @. There 
is no relation between apparent and true cohesion other 
than by name. 

In order to visualize the difference between 
apparent and real cohesion we consider again a material 
whose cohesion increases with increasing compaction. By 
Meine & series of shear tests with the material we obtain 

SS me eet a 
However, when investigating which part of the shearing 
resistance of the material is due to sohesion we obtain 
ae C+ 23 e eaarens 7 

Weere N 1S an empirical Pager ie. ende. shc- 
present the extreme principal stresses of failure, and @, 
memeie angle of internal friction of failure, 

Comparing the two preceding equations we find 
that the true cohesion of the material is equal not to ec 
IG LO tT 


ae aT + ¢ 
wa Ct ———3 N 
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it ths entire pressure on themclaywais vrans— 
mitted from grain to grain the true cohesion is never 
smaller than the apparent cohesion. 

Krynine (Ref. 7 ): There are two kinds of 
cohesion in soils: (a) true cohesion, caused by the mu- 


tual attraction of particles due to molecular forces; 


iG 
(b) apparent cohesion, due to the action of moisture 
films. For instance, dry sand, especially fine sand, 
becomes cohesive when moist. This is so because surface 
tension in this case acts at the surface of the film and 
Meids the grains together. In a general case, true co- 
meenon in soils is small and may be disregarded. some 
exceptions, however, are (a) dense gravels composed of 
mem coarse and fine particles, the latter acting as 4 
"binder" which cements the whole mass; and (b) compact 
sands and a few other soils. 

In the following discussion apparent cohesion 
only will be considered. To make a soil mass cohesive, 
the moisture content should be adequately but not ex- 
Ccedingly high. if, for instance, a given soil is very 
conesive when containing 15 per cent of moisture by dry 
weight, it mas be less cohesive when containing 5 or 25 
memeecent of moisture. In the former case these may not 
meernoisture enough to form films on all particles of the 
mess, and in the latter case the surface tension may be 
removed by the excess of water. The "optimum" value of 
Moeecure content, corresponding to maximum cohesion, 
paould be determined for each soil experimentally. It 
is assumed that cohesion in soils does not dcpend on the 
Memo Of normal stress. This may bo true in the case of 


mevals or rocks, but is an approximation in soils, since 
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in this case the normal stress controls the moisture con- 
tent and the latter controls cohesion. Cohesion may be 
developed in any direction within the body. 

Taylor (Ref. 11): HMatsrials which can be 
called solid have strength which can not be attributed 
Gomeany visible source of pressure. This condition often 
may be described as a result of a pressure which was ex- 
erted on the matcrial at somo time in the past, the ef- 
feews Of Which have in some way been retained. 

A Stitt clay, sloadced ond cenpresscd in pase 
ages by overlying strata, provides another crzample of 
Pepainod pressuro. When a specimen of Such a soll is 
fmemoved from the ground and protected from cvaporation 
Sumac rcasc in water content, a large portion of the in- 
Lergranular pressure is retained by capillary action at 
meemcuri acc of the specimen. In this condition pore 
water is in tension, and the pressure on the sample is 
ferlary prossurs. The shearing strength which 1s caused 
Py capillary pressure is sometimed called apparent co- 
Meston., in some clays ost of this pressure is lost in 
meerert Lime if the specimen is placed under water, be- 
moemec submergence destroys the surface menisci, the 
sample swells, and the tension in the water soon is dis- 
Sipated. A simple but common test to determine the 
degree to which this process occurs is called the slaking 
test, which consists simply in visually noting how fast 


and to what degree tho sample slakes, or falls apart, 





Te 
when placcd beclow watcr. The strength lost during the 
sioking tost is apparcmt cohcsion or Strencraeaucwro 
Sepilvary pressurc. 

some clays in such @ test lose practically ail 
their intergranular pressure, and others lose practically 
meme, itn those which lose only a minor portion of their 
strength, pressure must be retained by some type of bond 
im the adsorbed water adjacont to the points where grains 
Poen Or nearly touch, Water in this form is highly 
pescic and will flow, but flow is at a very slow rave, 
eee submerged specimen is given sufficient time, the 
Pevension of pressure contributed by this bound water 
femesradually be lost, but the adjustment may require 
@eecades, whereas only minutes or hours arc required for 
apparcnt cohesion to disappear. This relatively perma- 
ment type of strength is called true cohesion and is 
eee oon boc caused by intrinsic pressures A clay which 
mewbelly has started to pass into the category of shale 
may have a large amount of truc cohesion. 

Manyemodcrn conccopts rolativervo intringic 
meeosurc are of hypothetical nature, but it may av loast 
ibe said that when loads are applied to a solid somc typc 
Gieenorinsic attraction or bond eithcr exists or comes 
Mmawo action to resist the rolative displacement of ad- 
Meeent particics, The shearing strongth which a matcri- 


memmePOSSCSSCS byevirtuc of its intrinsic pressure is fiven 
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the @encral mamc concsion.. simicc: fal Uroswi Not ce 
sult unless additional stressscs aro applicd there will 
scldom be a failure in which cohesion is the entire 
shearing strength. 

Tschebotarioff (Rof, 15 ): True cohesion ts 
meeducced by the actual bond which develops at the sSur= 
meces of contact of clay particlcs as a result of ¢elec- 
tro chemical forces of attraction, It is dopendent on 
a eroat number of factors, the study of most of which 
fees within the provinces of soil physics and colloidal 
Sm@omistry. 

Baver (Ref. 1 ): Cohesion in wet soils takes 
place bctwcen the moleculcs of the liquid phasc that ox- 
mac as bridges or films botwcecn adjacent particlos. 

For cohesion between collei@dal—-clay particles, 
Memetaces: the colloidal matcrial is responsible for 
Geemcomontation of primary particles into stable apgro- 
muves, tt should be oxpected that the formation of 
mecomaary particles from primary separatcs would oe re- 
ihecoa bO the amount of finer particilcs in tho soil that 
may scrve as matorial to be aggregated, 

Russel (Ref. 9 > Each particle is sur- 
iemacd by an olectric double layer, the outcr one being 
meerucc and consisting of cations, while the inner layer 
consists of negative chargcs presumably anchored on the 
Eeriaco of the particle. The cations in the diffuse lay- 


cr move about in the water in the same way as they do in 





ee 


& complex anion, 28 pictured in the Debye-Huckel theory 
of strong electrolytes. Since the water molecules pos- 
sess a dipole moment, they tend to be oriented along the 
ienes of electric force radiating from €2ch tom 28ers 
peruse layer and from each free charge on the suriace 
of the clay particle. Every cation and particle is thus 
surrounded by an envelope of oriented water molecules, 
and the orientation manifests itself as an apparent ad- 
Pare bion or immobilization of water by the clay. Some 
of the water molecules near an electric charge may be so 
Seaomely Orlented that they appear bound to it, their 
mele motion merely making them oscillate about lines of 
Moree, While those further away from the charge possess 
paeeyea Statistical orientetion around it. A clay par- 
ticle in a dilute suspension can therefore be pictured 
femeoodsiSting of a central core surrounded by a surface 
Steevie &@ negative charge. Around each negative charge 
1s an envelope of water molecules which are strongly 
oriented the nearer they lie to the charge. Outside 
this surface are the cations, also possessing envelopes 
Of oriented water molecules. Some cations are so close 
to a negative charge on the surface of a clay particle 
that the two water envelopes belonging to these charges 
evertap and the water molecules in this region sre ori- 
Pieed in their joint field. This orientation is very 
strong since the negative end of the water dipole is at-~- 


tracted to the cation and the positive end to the par- 


la => 
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eielet sa “surtace. 

As the water is removed the deflocculater clay 
suspension becomes more concentrated and an increasing 
proportion of the water molecules becomes oriented in 
the joint field of a positive and a negative charge. It 
meereasonable to assume that a certain number of cations 
will share their oriented envelopes with two clay par- 
teecles., A linking System is thus set up consisting of: 
feweuicile - oriented wetting molecule = cation - oriented 
wetting molecule - particle. 

HS: Penoval of Water procecde aan Incredcim. 
proportion of cations share their water envelopes with 
Meemcloay particles, and so the number of links increases. 
Mem inks also become stronger, because they become short- 
Bre in consequence, the cohesion of the clay particles 
imerecaseS. 

Nichols het. 6 ), Gpalilosseacnconcepe cr mere 
conssion of moisture films to plate-shaped particles. 

The cohesive force of a water film between two particles 
moet ven by the formula: Pee ene 
: ap ee 


freee K is constant, r the radius of the particles, T the 
Surface tension x the angle of contact between the liq- 
uid and the particle (generally assumed zero) and qd the 
Seacvence the particles are apart. 

timer fOr a Bivon Size And number Of particics. 
the cohesive force should vary inversely with the mois- 


mure content. 
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D. Conditions Affecting Naximun 
Shearing Resistance In A Clay 


Many factors enter the determination and prog- 
nosis of shearing strength in a clay. These factors are 
often so interelated that it becomes impossible to des- 
ignate their boundary conditions with any degree of ac- 
euracy. A partial list of these factors follow: 

Friction Angles It is widely recognized thay 
tae friction angle can vary ovér 4a wide range for a giv- 
feescol!l in as much as it is not a constant soil property, 
independent of precompression, drainage and other vari- 
ables. 

COnve STOUR Loom ocr 1COmoma Valrico so mois 
“ae ewhich depends predominately upom grain size and 
shape, moisture content and mineralogical composition. 

Intergranular Pressure. As another of the 
momeeamevers of Coulomb's equation, intergranular pressure 
Mempernaps most easily defined as the pressure acting 
Mermmeal to the surface of failure when failure is occur- 
ing. 

speed of Shear. Results of tests will be 
strongly affected by the amount of drainage which takes 
rece prior to failure. Generally, the higher the rate 
of shear the less the amount of drainage in a cohesive 
soil, and a consequent reduction in shearing resistance. 
Plastic resistance, a phenomena related to speed at 


which shearing strain occurs in viscous and plastic 
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materials, acts to increase the instantaneous shearing 
SErenge un Ol UNC Soll sal Npphere raves “of eer cec. 

Colloids, Actually, the total ef tceryot cor] 
Hoidal phenomena is just beginning to unfold. ony e- 
cently has sufficient emphasis been placed on this factor 
moe POSSibility of “amswering some of the unexplained 
Mysteries which are still associated with shearing strength. 

Intrinsic Pressurew +revicusly dei ined au 
beepecrty is the key to much of the dependable shearing 
meeenpth of a cohesive soil. As shown by this thesis, 
Miiemintvrinsic pressure due to past loading is a dcpend- 
meee Source of shearing strength. 

Void Ratio. There has bcen long established 
emeermcar relationship between the void ratio and the 
meeeorivynim of the compressive strength of a fiven clay, 
meemeuierciore, Since shearing stress is a function of 
Mm@eminvergranular principal stresses and the friction 
eee, 16 too has a similar rolationship. The relation- 
fee shnows that as void ratio decreases strength increases. 

Hecer COMCChigs AAvLCheCoOnUCMs Will, Vary June 
Mieerming strength of a clay over a considerable range. 

AS already shown, the addition of water to a dry soil 
Will cause apparent cohesion which will incrcase the 
sncaring strength of a moist soil to an optimum value. 
Beyond this value the pore spaces are completoly filled 


Bema a decrease in shear strength is exhibited. 
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Por Saturated soils pert ch the cxvernal load 
is carriod by the water in the voids until consolidation 
is complete. Since free wator has no shcaring strength, 
any increase in load will havo little effect until fur- 
ther consolidation takes place. 

Air Conlombs pine Cllecu of Cnirainc cdo smaemee 
Nearly saturated clay is complicated by the rolationships 
Dbetweon applicd pressure, gas volume and shcaring strength. 
mmee gas is compressible there is a change in void ravio, 
Deceuse of the curvature of the bubble surface the pres- 
eeme Of the gas is larger than pore water pressure, and 
meeoly thorc may bc some gas going into solution, Cone 
solidatod-undrained shear tests have shown that a small 
Mmioumo Of A2ir will cause a dacrease in shearing strength 


smeomparca to a fully saturated soil. 





£0 
Ye Types of shear Tests 

Goncrally sheer tests are classic uo 
bares groups: 

(a) Drainod test (S-test or slow test): the 
samples are consolidated and sheared at spceds slow cnough 
mec llow complcte drainago. 

(o} Consolidatcd-undrained tost (Q,-test or 
quick-consolidated test): samples are consolidated and 
Paeercd under conditions of no drainage. 

(c) Quick-consolidated (Q-test or quick tost): 
Sampic is subjected to an applicd pressure under condi- 
mrens Of no drainage and immediatcly shearcd, 

Usain Vice Abo VcmueslS  Cliiemene. VolNeswen ie 
and ¢ May be “expected Trem tie isamc Sell a> any soir 
state and load, 

Dice Varia cOmmim VOLUN CS stone heme cd oa 
memecrs Of porc water pressurc., Porc water pressure, 
mea roduces the total intergranular stress as follows: 

ac = 
wtieee 0, 1s the cffectivo intergranular stress or in 
werms OF Coulomb's oquation Se c4+CF- wv) tang 
fesvinieperlomnod ime tnit Sule sis: Wes Jeume) cc 

Seemeumacr drained conditions with the exception that the 
meeods Wore too high to permit complote drainage. Thoro- 
fore, the tests would fall in a category intermediate 
between a true Drained Test and a Consolidated-undrained 


POst. 
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Pe) £1fccts “ol Precomsol le ion 

Investigators have shown that? 2 clay 2s scon- 
pLetcly romolded at a water content sufficien! Wouey ces 
a semi-liquid consistency and several samples of the mix- 
meee arc consolidated under various pressures them suo-— 
i[meuwea bo direct shear at the same pressures, Che maximum 
emeoring stresses will occur on a straight line plottca 
fee culy proportional to the consolidation prcessurc., The 
mmepe Of the linc, which is a function of the angle of 
Memerion, will vary with the rate of shear. 

Wider Uae Same scondih ONS, elle sub 1Cc ued «lo 
Tterous normal stresses less than a given preconsolidcation 
Poeeoure, thc maximum shearing stress again will occur 
Semeeoeuraight lino but at a higher value. The slope of 
peeeeiac Dlotted in this manner will be flattcor than the 
ieee COSC. 

HVOrSsLov (RCL. 5), Pepor ba mum ai seem ti noe 
ieee Piottod as in the lattcr casc, Fig. V, for a scrics 
eeepecconscolidation prossures will be parallcl, and that 
Pieir angle with the horizontal could be considered the 
immeomanple of iriction. 

HoOgontoplcr (Rete 4. (jy usclin chncwo theme mend 
shows that with increascd consolidation pressures the so- 
e-ercd friction angle increascs for such a plot as in 


eee. Vi. 


> 
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The Krey-Tiedoman formula S = P, tan g.+7 tan g 
was devcloped from expériments similar to those of 
Hvorslov, where @.- g - % shown in Fig. Ve Hore, for 
mero Lirst timo, is introduced the concept thal come ten 
fmeoa variable dependent upon intrinsic pressure, 

Tehcbotarioff (Ref. 13 ), indicatcs that the 
@imtcronccs in the findings of Hvorsicv and Hogentogienr 
feed bo due to uncqual opportunitics for sample cxpan- 
rem. ouch an cxplanation is valid from the standpoint 
Seeciic thoory of consolidation, but is not nocossarily 
Smoeventiated in light of tho incomplote knowledge of 
eemaitions which existod at the time of tho experiments. 
feo) be notcd that if cxpansion is to be considercd 
Peeeecvor in detcrmining shear strongth, the Krey- 


Tiedemann formula does not satisfy this imposition. 
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G.. Waco Bricetsor Wetter Comvent 
On” Cho Ss trons blo tau 


The Stave Of WAaLCr WLUhIn Ene eeoat massa 
eee cvoadiy is the most important factor cConecraimaa ia. 
subject of watcr content. Free water and water cxist- 
mieeas films imparts cntiroly dificrent strengtns to 
Em@e soil. 

For each soil there is an optimum moisturcecen= 
meee tor a specific degrec of compaction al which maximun 
@em@eification can bo obtained. Capillary stress dccrcoases 
teed iticroase in moisturc contcnt above the optimum and, 
eeeverscely, incrcascs bclow the optimum value. Cphosion, 
memmevyer, 1S a maximum at thc optimum moisture contont. 

High values of the liquid limit are indicative 
Seepeenigh percontegs of colloids. Since cohesion varies 
eeaectuly With the amount of colloids duc to the Large 
Mee eCifectivo surface aroa por unit volume, the highor 


imegia iimits also indicatc higher cohcsion. 


Ma The -Brrecu or Reve of sheer on UC bays 

Inedrained ‘shear bests the ebjecutvc tsoevemoo— 
maa & Ssheering resistance unaffocted by pore weavers oreo 
Suro. By allowing sufficient time for drainage vovoccus 
@eechnearing stress is applicd tho effects of pore waver 
Mmeessure ars reduced. A constant rats of stroin is pre=- 
Mmm d FO & constant rate of stress in dcvcrmining max 
fou shoaring resistance, because of the vase with which 
pom can be controlled. Actually, the rate which will 
Pmeeauce the minimum pore wator pressure dopends ontircly 
Mee bine permeability of tho sample. 

Turnbull (Ref. 14 }, reports that 4 rato of 
wee dm of .007 inchos peor hour or ilcss will havo vory 
mews Offoct on the maximum shcaring rosistance of 
Seeeelery normal pressurc of a cohesive soil. 

Tornbuiieeliso Nas found tnhateier Gwe waves. oOo. 
Seam the maximum shearing resistance versus epplied 
Meter Stress curves intcrscect at a common point char- 
Peeeristic for a particular soil. At lower normal 
Stresses the curve for slowcr rate of strain passos bo- 
Hewethat of the fastor rate. These tests wero perforncd 
Semoomples at optimum moisture content. Therefore, a 
Pemrescponding decrease in capillary normal stross ro- 
Pweeuwead in Slower rates of strain, Since tho capillary 
Memnmal stress is due to the capillary forces set up in 


Memeemoisture Tilms on the soil particles, the offcact of 


ot 
bos Increase in thovrcacte of straine se towdcy oma 6x 
eess resistance in the soil. For higher cw eee ses 
@aeeoin in maximum shcoaring strength at Une slovoms ire 
Meeestrain is duo to ths reduetion of perce Weve reeuescul ce 
G@evcloped in the interstitial moisture and air by the 


Pwmeeihn Sot up along the plano of failurc, 
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I. Dotermination of True Cohesion by Direct Shear 

An initial maximum shearing resistance curve 
for a cohesive soil is established by shear tests at 
several vertical loads, represented by the line A,Ay 
in Pig. Vil. Aj,4, is then extrapolated to meet the 
abscissa at Ot. The intrinsic pressure in the materi-~ 
al is thus represented by 0'0. Tho value of OA, com- 
monly assumed to be cohesion, actually is comprised of 
Meuse cohcsion and internal frictions 

To. fing the value ef truce rconesionm additiena 
tests are required on preconsolidated samples. For ex- 
ample, specimens are loaded to a value of Ny then sheared 
aeeresser valucs of N, thus establishing the curve A,AT 
which is extrapolated to CT ee the) velieot O17 aes 
presents the true cohesion and whose angle with the hor- 
izontal represents the truc angle of internal friction. 

Coulomb!s equation can then be written as 
Sy = O'C',+(00'+ON,tan %) for a particular value of 
vertical load. 

The ordinate distance between lines AoA, and 
AgtA, represents the increase of true cohesion due to 


is 


an increase of vertical load, hence the valuc OC', 


the true cohesion under a vertical load Nye 
Similarly, for any value of preconsolidation 


corresponding curves can be drawn to obtain the true 


cohesion for the preconsolidation load required. 





OO 
Since the ordinate value Oe, represents true 


cohesion under vertical load N, it can be represented on 


4 


the ordinate A,N, as CAN, and the line O'C, is the. truco 


cohesion curve for the preconsolidation load Nae 
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FIG. Vil SHEARING RESISTANCE OF COHESIVE SOIL 
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FIG. VIN RELATIONSHIP BETWEEN SHEARING RESISTANCE AT 
VARIOUS RATES OF STRAIN AND TRUE COHESION 








OO 
PART iit 
APPARATUS 


A. Constant Rate of Strain Direct Shear Machine 

The direct shear apparatus used herein con- 
sisted of a round brass cylinder 2g inches in diameter 
split horizontally at the level of the center of the 
soil sample which was held between metal grills fasten- 
ed to porous plates, A vertical load applied to the 
same by means of dead weights caused a pressure across 
the plane of rupture between the upper and lower parts 
of the cylinder. Gradually increasing the horizontal 
load applied to the upper part of the box caused fail- 
ure along the rupture plane. The ultimate shear stress 
at failure is obtained by dividing the maximum horizon- 
tal load by the cross-sectional area of the sample. 

Figure IX shows the Soilte&t Model D-110 
Direct Shear Machine manufactured by Soil Testing 


Services, Evanston, Illinois. 


Be Consolidometer 
Figures X and xI show the Soilest Model C-280 
Loading Frame with an 8:1 lever arm ratio, and the two 
Soilest Model C-251 Consolidometer Rings also manufac- 
tured by Soil Testing Services, Evanston, Illinois which 


were used in this experiment. 
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Pie. LX Direct Shear Machine with 2 tons 
per square foot vertical load 





Fig. X Gonsolidometer 
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Ce Preload Apparatus 


To expedite the test schedule eight preloaders, 


shown in Figures XII and XIII were fabricated, each con- 


Sisting of: 


Pee ort : 


il 


ee ee 


Luci yes Ribena. od -micna) eo .d. 

© inches long 

Plaster of Paris Plates, 25" dia., 

3" thick with 1/16" dia. holes for 
drainage 

Follower, 2" dias Croloy Type 547 

Thin Wall Tubing, 5 inches long 

Copper dish, 33" dia. 

Stand 

Loading Platform, 3/4" plywood 4"x12" 
Seu, Gimiveleatcs ConsSiScimesor Oo 1d. and 
10 1b. steel plates, 25 ib. bag of lead 


shot, and 2lb. lead shot container 


D. Mixing Apparatus 


Figure XV shows the mixing apparatus consist- 


Universal Mixer 
Spatula 
Mixing Bowl 


Battery jars 














mee. XL Rear view of consolidometer with 
drrect (sacar machineswim rear 





Fig. XII View of preload apparatus 
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Fig. XIII Close up of fercloadweyiinder 





Fig. XIV Mixing Apparatus consisting of Universal 
Mixer and bowl, two battery jars, and 
Spatula. Preload cylinders and plaster 
of paris porous platss also shown. 


FAR eee 


VADER Ab oo i ier 
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Tllite, variously called hydromica, potash 
clay mineral or even illidromica, is a term proposed 


by Grim (Ref. 3), Bray and Bradley as a general term 


to include the mica-like clay minerals which have a 
1lO-A c-axis spacing and substantially no expanding 
lattice characteristics. The general formula is 

CQ) _ where y is 
OH, Wy (Sig-g Aly) (Alia: Feq. "Mg 47 Mge) 20 
frequently equal to 1.0 to 1.5. Both biotite and 


muscovite crystallizations may occur, likewise 


dioctahedral and trioctahedrali types. 


Characteristically, the illites are small, 


poorly defined flakes (SOA thick, 0.1-0.3 micron in 
diameter) commonly grouped together in irregular 

aggregates. A distinct hexagonal outline may show 
in some illites, whereas no such evidence is exhib- 


ited in others, 
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Be Occurrence 


Tllite is found in sedimentary and hydrothermal 


deposits and to a limited extent in metamorphic deposits 


and occurs in a wider range of soils than generally sup- 


posed as apparent from the following list: 


Ae 


In red and grey podsolic soils usually in 
quantities up to 10%. 

Piyepreairies Solis @iemnced “uneer frass cover 
in the northern hemisphere. 

Dominant in Chernozem soils formed under 
grass cover with 12-25 inches annual rain- 
fall and cool climate. 

Dominant in California desert soils. 
Occasionally found in red and yellow 
podsols in small quantities. 

Occurs in varying amounts in Planosols 

and Rendzina soils. 

Generally predominate in arid soils to- 
gether with montmorillonite. 

Abundant in deep-sea clays of recent ori- 
gin possibly formed by alteration of 
montmorillonite in sea water. 

Alluvium deposits of Mississippi River 

and its tributaries show a dominace of 


illite as compared to other clay minerals, 





Ae 

j. Glacial deposits of unweathered till and 
loess are dominated by illite. 

k. Pre-Mesozoic sediments are composed largely 
of illite and chlorite types of clay min- 
erals. 

1. Dominant clay mineral in most shales and 
slates. 

m. Present in limestones and dolomites. 

Tilite is formed from the weathering of feld- 

spar, disintogration of muscovite and alteration of 


montmorillonite, 


C. Source of Material 

The material used for testing was purchased 
feom the [llinois Clay Preducts Company, Joltev. tino rs: 
who claim exclusive production under the trade name 
Grundite Bond Clay. Grundite is a high strength high 
permeability bond for foundary sand and possesses great 
emai lity. 

Kerr and Kulp (Ref. 6) locate the source as 
Homlows: "Clay occurs in a clay pit of the Illinois 
Clay Products Co. in tho Gooso Lake area northwest 
= northeast, + section 11 township 33N, Range 83 about 
7 miles east of Morris in Grundy County, Illinois". 

The "Grunditec" layer of clay lies above three 
underclays separated by three minor coal seams. Its 
origin dates to cyclothemic activity of early Pennsyl- 
vanian time. 

The impuritics of samples tested Kerr, Main 
and Hamilton (Ref 6) showed impurities on the order of 
10%: 3% pyrite, and 2% each of quartz, sericite, 
limonite and plagioclase. A quantitative X-ray Dif- 
fraction examination of the samples used in this ex- 


periment showed a higher precentage of impurities. 
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D. Propertics 
A sieve analysis is shown in Fig. KV 


SpecificeGraviuy m2. 16 


Liquid lamin 60% 
Plastue bamtc: See 
Plastic Index: 285, 


Void Ratio before consolidation 2.00 

Void Ratio aftcr 4 tons/sq.ft consolidation: .97 
Percent Air Content of saturated sample before 
consolidation: oe 

Percent Air Content of saturated sample after 

4 tons/sqeft. consolidation: no measurable 


quantity. 
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E. X-Ray Diffraction 


ie Qualitaciave 

An Xeray diitfraction strip chart was run om 
the test Illite sample from the (2 6) angle of 10° to 
70° . (Fig. XVI) This chart shows the major peak in- 
tensities that are characteristic of the type materi- 
al and locates their (2 @) angles. Application of the 
Bragg equation mnwA=2dsne then gives the "da" or 
lattice spacing for each intensity peak. 

By comparison, this strip chart is nearly 
Meomtical to the strip chart of standart Morris, 
Illinois 1t1llitse since the characteristic peaks are 
the same. The only variance is a slightly less in- 
tensity of tho peak in the test illite. This leads 
bowtche conclusion that the test illite is a Morris, 
Tliinois illite but of a higher percentage of impu- 


Mae OS » 


pee Quantitative 

Having classified the test illite, it was 
then possible to plot a calibration curve using the 
standard Morris, Illinois and an internal-standard 
(Zinc Sulfite) mixed by weight ratio (G,/G,) - where 
Gr= weight of Standard viorris Illite clay 


Gee weight of internal standar (Zine Sulfite) 


Diffraction strip charts were then run for 
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these mixtures and the relative peak heights observed 
(H7/Hg) - where Hy= height of Standard Morris Illite 


Hg= height of internal standard peak. 


The calibration curve was then plotted as (G,/G.) VS 
(H;/ H,) (Fig. XVII). 

To CbUain tne Guanvity of test alive sane 
iPitipcmeurve, a mixture of 1 gram test Illite, 1 gram 
Standard, 1 gram Diluecnt was prepared and a diffrac- 
Dion strip chart run (Fig. XVIII). The resulting 
H,/Horatio was then plotted on the calibration curve 
and the resulting percent of illite, as can be seen 
from the dash line on the enclosed curve, is shown to 
be 84%. The test illite is then approximately 84% of 
the Standard Morris, Illinois illite and 16% foreign 
material. Since Kerr & Kulp (Ref. 6) found 10% impu- 
meewegein the Standard ‘orris illite, then the test 
illite contains approximately 75% illite and 25% 


foreign material. 
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KE. Differential Thermal Analysis 


iteenGeneral Characuor ce uwrcs 

Characteristic differential thermal cur vession 
illite have three endothermic reactions with peaks oc- 
curring about 140°-180°, 550°-650° and 850° to 950° cen- 
tigrade. Also, an exothermic peak frequently occurs be- 
tween 900°-1000° centigrade. The height and temperature 
interval of the second endothermic peak varies with dif- 
ferent samples as similarly the final portion of the 
curve, 

In general, the first endothermic reaction is 
taken as the loss of the water held between the basal 
planes of the lattice structure; the second endothermic 
reaction is the loss of lattice water; while the third 
endothermic roaction is associated with the final de- 
suruction of the illite structure. The exothermic re- 
action is associatcd to some extent with the formation 


of spinel. 


2e Characteristics of Test Sample 
The test illite follows the typical curve with 


a ana 900° centigrade, A 


6ndothermic peaks at 165°, Oo 
large exothermic reaction occurred from 300° to 540° 
Sentvigrade. This range is also the range at which the 


oXidation reactions of organic materials occur. 


To determine whether organic material was pre- 








OC 


sont a differential thormal analysis was made in a heli- 
um atmosphere. Organic matcrial heated in such a medi- 
um cannot obtain oxygen necessary for combustion and 
theoretically would not show the exothermic reaction 
which appcars when run in air. A comparison of the curves 


in Fig. XIX indicates that organic material was prescnt. 


935 


KS |S Sey oo 


+ +- =: = : + 


ALI SIONITN11 SIMYON t 


m = -- ~—r . tb t av ae 


a |  YyO3 S3BAYND WuBHL | AWILNANAASG cee: 


i : t 


9. 0001 006 008 0OL 09 00S 0b. 1 0c iooz._iLool —| "o : 


? 
A : —= ae Ae = 13 ——_= a pe ee ee sie ; ale a Fo 





- 


+ 
—~ 

¢ 

t 

~—f 
"WS 
al en 


- 
= 


\ 


Si : 3 ; Ps = eae oe — | ae . ' el = LS, eet Ee e 
| 


Ne ee eS See were: er ete, i u, 


| 
} 


i 


LIOAITUW 





t 
~ pee . 





he 
t 
a 6 
none b 
; 


BUBHESOKLY —WHNLYN vipa 


taneeiee | (t= 


‘ai 
{ 





ee eee ele =a see tae st ieee 
| eS SUSHASOWLV! SAL SdAdi fj i 
mm ' i v6 t | 


t 
| 
: 
t 


' ; t ; ' : ‘ ‘ 
} i 
4 $ pi at ~ ‘ ‘ - . ~ : ~ a . ’ ~ 6 wr +s _ 
. . : 





o4 
PART V 


METHOD OF PROCKDURE 


A. Sample Preparation 

Tliite was mixed with distilled water for S50 
minutes with the Universal Mixer at a moisture content 
of approximately 85%, then placed in two battery jars 
and allowed to stand completely covered with water for 
a period of at least 48 hours. Prior to loading in the 
Preload apparatus, the material was again mixed for 30 
minutes after drawing off the excess water. 

The sample then was placed in the preload ap- 
paratus with a spatula using extreme care to prevent 
incorporating air voids. At a moisture content above 
80% there was little difficulty in attaining a uniform 
Mieeuure comparatively frec of air voids. 

Each sample was then loaded to + tons/sq.eft. 
and allowed to consolidate for 24 hours. Thereafter, 
the sample was loaded in accordance with the test sched- 
ule through successive loads of $, 1 and 2 tons/sq.ft. 
Upon reaching the ultimate load in the preload appara- 
tus the sample was removed and placed in a consoli- 
dometcr under the same load as last attained in pre- 
loading, For example, if the sample had been subjected 
to ~ tons/sq.ft. in preloading it was placed in the 
consolidometer at that load, and held there until secc- 


ondary consolidation was evidenced by a consolidation 


AS 


a0 
rate of 1/10,000" per hour. 

Preloading was restricted to a maximum of @ 
mons /S0.i'tt. because of heavy direct dead loads involved 
and the limitations of the apparatus. The preload sam- 
ples were tended daily for the purpose of replenishing 
the water in the copper dish and in the tubc, thus 
keeping them submerged at all times. 

As soon as secondary consolidation began the 
sample was loaded to the next higher increment or placed 
in the direct shear machine as called for by the test 


schedule, 





Sc 
B,. Shear Test 


Standard procedure was used for direct shear. 
Two rates of strain, .02 in/min and .003 in/min were 
used in this experiment. In most cases the amount of 
shear strain was limited to 0,25 inches since the peak 
point in every test was reached earlier, and because 
there is some doubt as to the value of data beyond a 
strain of .25 inches due to the reduction of shear area 
of the sample and the effects of cohesion between clay 
and the upper and lower frames of the shear box. 

The first series of tests, which established 
the maximum shearing resistance curves at the two rates 
of strain, consisted of consolidating and shearing two 
samples at each vertical load of +, 4,1, 2 and 4 tons/ 
Swit C 

pe Seconauserles, Sin yam yecomciou iene lui 
samples each and preconsolidated to 4 tons/sq.ft., was 
sheared at vertical loads of +, #, 1 and 2 tons/sq.ft. 
respectively. 

The third series was preconsolidated to @ 
tons/sq.eft and sheared at =, $ and 1 tons/sq.ft. re- 
spectively. Lastly, a fourth series was preconsoli- 
dated to 1 ton/sq.ft. and sheared at + and $ tons/sq.ft. 

Moisture content was determined for each test 
after shear by taking a specimen from the center portion 


of the sheared sample, 





The test schedule is shown in Table I. It 
will be noted that time effects were minimized by the 


systematic use of the two consolidometers. 


or 
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TARLE I 


Test Schedule Showing Load and Date Applied 


Vortical Load 





Date and Consolidometer Preload Apparatus Number 
Tost Rate ___ Number 
RO? 003 
April in/min in/min i 2 123 4 5 6 7 8B 
ae z + 
25 t 2223433 
4 4 
iia 2 3 
« * t 
= = a 2) b a 
- . , f 42324443 
a — a a 
26 1 I y FG ac 
29 1 i} : 1 244 4 2 ¢ 
30 2 | 
31 e 2 2 e ie 2) 2) ee 
May ; 
1 4 
2 ae i ae 
3 4 4 2 2 - £ 2 @ 
4 4 4 . 
5 2 2 2 2 + ae or ae 
6 4 4 
7 a a 2 2 es 2 6 
8 4 4 
9g a a 2 2 2a, eee ee es 
10 4 4 
11 
12 
i : 2 ee eee 
—_ = = 2 aie 2 2 8 
i i 1 2 2 #2 ¢ 72 2211 
16 % = 2 2 Ll @ @ ¢ ¢ 4 32 
m6 Cl £ 1 i toils 2 24 
mam i i 1 i 
19 2 2 2 i 
- i 5 
21 
22 2 
BS el 2 
me «6 a 
ED - 
26 2 
e7 a 


Note: Loads in tons per square foot. 
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RESULTS 


Comparison With Proposed Laws 


Considerable disagreement with the six laws 


proposed by Turnbull is evidenced by the data in this 


series of tests. From Fig. xxV the following state- 


ments are shown: 


Law: ltl. 


Proportionality between capillary normal 
stress and rates of strain. 
Results showed that with a decrease in 
the rate of strain the intrinsic pres- 
sure increased, in other words a rever- 
sal of the law. 
Unique point of intersection for the 
curves representing maximum shearing 
resistance at each rate of strain. 
The two test curves diverge slightly 
without intersecting, for any projec- 
tion of positive values of maximum 
shearing resistance. 
Unique point of intersection, at same 
maximum shearing resistance as the u- 
nique point of Law 2, of curves re- 
presenting the solution of Coulomb's 
equation for a particular applied 


normal stress at each rate of strain, 


Zo 
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Since there was no intersection in Law é, 
it follows that this condition could not 
satisfied. 
Unique point oF intersection for the cohe- 
sion curves at eacn rate of strain. 
The cohesion curves intersect to the left 
of the origin at a shearing resistance 
of 0.0) tons/sq.ft. end an dutrimsiemenes 
sure of 0.16 tons/sq-ft.: whereas, 
Turnbull implies that they should inter- 
Seve cio: imiyalale Wel, (oles @eieube clin nels Seid 
value of vertical lcad as the interséc-= 
len Of boercurves for law ea. 
Magnitude of true cohesion and true in- 
ternal friction for any particular value 
of maximum shearing resistance is the same 
at each rate of strain, 
This means that if a point selected on 
one maximum shearing resisvance curve 
is projected horizontally to another 
maximum shearing resistance curve, the 
corresponding values of true cohesion 
shoulda be equal. The discrepancy on 
this point is quite large. The geom- 
etry of Fig. XXV disallows any possi- 


bility of the equality to exist. 
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6, Angle of internal friction at each rate of 
strain has a constant value for all normal 
Stresses. 
At the .02 in/min rate of strain there 
is close agreement, the values being 5° 


ate tons/sa nua 
and 5° at 1 ton/sq.ft. 

For the ,003 in/min rate, however, there 
is @ clear trend to decrease the angie 

of irternal friction from 14° to 11° with 


the increase in preconsolidation from 


i ton/sa.tt to 4 tona/ aad bi. 
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B. General Findings 
1. Cohesion 
@.e Proportional to vertical load at both rates 
of strain. (Figs XxIV) 


be Proportional to rate of strain. (Fig. XXV) 


2» Maximum Shearing Resistance 

a. Wide degree of scattering for vertical 
loads less than 0.5 tons/sq.ft. (Fig. XXV) 

be For preconsolidation at 4 tons/sq.ft. 
there is a definite trend to fall off 
the straight line when sheared at ver- 
tical loads of less than 1 ton/sq.ft. 
shown by solid lines on back curves in 
Fig. XXIV. 

ce Varies inversely with rate of strain. 

d.e Composite plots of the shearing resis- 
tance curves at various perload condi- 
tions, given in the Appendix, are shown 


in Figures XX, XXI, KXAII and KXITi. 


Oo. intrinsic Pressure 
a. Varies inversely with rate of strain. 


(Pig. XXV) 


4. Angle of Internal Friction 


ae Varies inversely with rate of strain. 


(Fig. XXIV) 


o 





5. Moisture 


Ae 
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Relatively constant for rate of strain of 


202 ina, mine. On hee key) 
Varies inversely with preconsolidation 
load at a rate of strain of .003 in/min. 


(Fig. XXIV) 


Content 


Relationship to vertical load, Fig.XxvVI, 
shows higher moisture content at higher 
rate of strain. 

The moisture content on the unloaded 
curves drops below the moisture content 
value for full preload at the faster 

rate of strain, then rises. 

Figure XXVII shows the relationship to 
maximum shear strength. It is obvious 
from this plot that moisture content 

has “considers pie Varlancou) uname soa: 
range. However, the points approximate 

a straight line for the maximum shearing 
resistance curve, as well as the unloaded 
curves. The pattern of average slopes 
for the latter show a close degree of uni- 
fe@gent Iowers 

The entire span of moisture content at 
maximum shear strengths for preconsoli- 


dation between + and 4 tons/sq.ft is 





only 20%, and falls between 31.45% and 51.57, 


6. Compression and Expansion during Shear 


Ae 


Ce 


Compression was greater at the slower 
rate for the maximum shearing resis- 
tance curve in all instances. 

For the unloading curve at 4 tons/sq.ft. 
preconsolidation, there was expansion in 
every test, except for a vertical load 
of 2 tons/sq.ft., at the faster rate. 
There was no clear trend as to relative 
amounts of expansion at sither rate. 

For the unloading curves at 2 tons/sq.ft. 
and 1 ton/sq.ft. preconsolidation, the 
magnitude of expansion was greater for 
the faster rate at maximum shear resis- 
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C. Test Values 
1. Table 2@ shows the values of maximum shear intensity 
at the various preload and vertical load conditions, 
ew Table 5 shows the values of cohesion at the vertical 
loads used in the test, 
See lutrinsic Pressures: 
G.20" tons/ santero mn0e in/min 
0.55 tons/sqsft. @ .003 in/min 


we Angle of internal friction; 


Preload (tons/sq-ft. Rate of Strain 
.0O2 in/min 
4 5° Tate 
2 6s” 12° 
1 | 5° 14° 
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w- 
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TABLE @2 


ilaximum Shear Intensity (TSF) At Various Vertical Loads 


.02} .003 2003| .02 02 .o2 | .005 


20200 








(Vertical 
Load (TSF) 


poco Peco) sot 
507! .413} .429 | .528] .664 


2454 he 26 Ou sac5 ~See Loe te toe 





TAPLE 3 


Cohcsion For Varicus VertfYcali Loads 


Cohesion - (TSF)| Angle of True 
Cohesion (Qo) 


Vertical Rate in/min 
Mead (TSH)} “.U2] 00s) 02 [a 00S al 





® 
want 4 ag 
4 
3 
- oe 


- 


- 


¢ 8 tees 


+r ae 


oe 


athe 


on 


“oe 


as 


em mae 


* 


os 


Pew 


~ ee 


we 








75 
Pani vie 


DISCUSSION 


As indicated in Part VI considerable deviation 
mom Tnurnbull's laws occurred. ‘there is, ot ceurse so 
Single answer as to the reasons for the digressions. 
Evidence presented herein is insufficient to dispute the 
validity of the laws to general applications, but it is 
adequate to question their unrestricted use, There are 
three major areas to be cxamined insofar as these re- 
Sults are concerned to educe possible reasons for dis- 
cordance: method of testing; test conditions; and 


nature of the material. 


The first area, method of testing, was per- 
formed under laboratory conditions using time worn direct 
shear techniques with care and continuity. A complete 
review of the procedure after conclusion of the tests 
brought forth absolutely no reason to suspect this area 


as a cause of the dissimilarities. 


The second area, test conditions, seems to 
hold the key to the problem. Test conditions include 
such items as the establishment of pore water pressure, 
rates of strain, drainage conditions, and intergranular 
pressures, Since pore pressure reduces the intergran- 


ular pressure, and cohesion has been defined by 
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Terzaghi (Ref. 12) as a function of intergranular pres- 
sure, it follows that the magnitude of cohesion will 
depend to some extent upon pore water pressure. 

For a saturated condition of less than 2% air 
voids, as developed in this experiment, pore pressure 
was induced during shear at both rates of strain. ‘This 
is born out by the higher moisture content and the de- 
crease in intrinsic pressure at the faster rate. Also, 
the increase in shearing strength at the slower rate is 
eecommon eifect of pore pressurc. 

The increase in shearing resistance may be 
associated with any of the following: 

(a) Increase in the apparent angle of 

internal {frictions 

(bo) Increase in both internal friction 

and cohesion. 

(c) Or a large inecrcase in one of the 

above and a loss in the other. 
Examining the data it is found that the angle of inter- 
nal friction increases as the rate of strain decreased, 
the maximum shear resistance increased but the cohesion 
@eereased with a decrease in rate of strain. This would 
appear contrary to the theory that cohesion is a func~ 
tion of intergranular pressure and that it should vary 
inversely with pore pressurc. Likewise, the highest 


value of intrinsic pressure is found not with the highest 








el 
cohesion but with the lesser cohesion. Showing that 
the plotted intrinsic pressure is a variable depend- 
ent upon factors other than preconsolidation. 

That cohesion decreases with a decrease in 
rate of strain may be explained on the basis of high 
more pressures, which existed during the faster rate, 
reduced intergranular pressure and the reduced inter- 
locking effect of the larger particles. But the true 
cohesion force between smaller particles is largely 
Mmertected by pore water pressure since pore pressure 
does not exist between particles whose cohesive force 
iS greater than pore pressure. As slower rates of 
strain pore pressure is reduced through drainage thus 
the shearing resistance is increased. The cohesive 
force is subordinate to the increased friction and re- 
laxation occurs in which cohesive forces are dissipated 
during the slower strain, 

There are indications that the cohesion curve 
mmoos a Straight line function. “In Fig. AXIV the cohe- 
sion curve at the .003 in/min rate was plotted with an 
inflection point at 1.0 ton/sq.ft. Actually, at each 
change in the angle of internal friction there is a 
eexrosponding change in slope of the cohesion curvo, 
but because these changes were small, with the oneex-~ 


ception, average slopes were plotted. Fig, XXIV also 
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shows that. there: is definitely no Pinearsiumcti6em. ve- 
tween vertical loads smaller than approximately 25% of 
the preconsolidation load. Increased relative expan-~ 
sion during shear at the lighter loads is the cause. 
This is an extremely important point since conceivably 
the smaller load values are the ones most generally 
encountered in foundation practice and if expansion is 
permitted the shear resistance will decrease rapidly. 
Within this range of vertical loads the Turnbull laws 
definitely do not apply. 

The moisture content of a saturated test sam- 
ple has a direct relationship to the maximum shearing 
resistance, and is an indication of preloading and 
temuacal loading at the time of shear. It was found, 
however, that the moisture content at a given preload 
and vertical shearing load under uniform test conditions 
varied an average of five percent, measured after shear, 
with corresponding variations is maximum shearing re- 
Sistance. The reasons for moisture variations are be- 
yond the scope of this thesis, but the fact is sugges~ 
tive of the degree of accuracy to be expected. Moisture 
continuity should not be assumed for saturated samples 
of the same material, but should firmly established for 


each test. 


Of the third area, nature of the material, 
little can be said that is not available elsewhere. 


Each constitutent of a soil imparts a complicated re- 
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lationship eto The Overall physical properties, Only iba 
extensive, painstaking investigation of these constitu- 
ents, singly and in groups, can a pattern of reaction 
be established. Much work has been done with a wide 
variety of soils, but too often the description and i- 
dentification of the constituents has been neglected, 
consequently such work can not be utilized to the full- 
sit cxtent. The practice of using place-name soils 
without proper analysis of the minerological character 
smould be abolished: 

Skempton (Ref. 10) brings out an interesting 
point regarding the possible relationship between true 
cohesion and the mineralogy of clays. Data is cited 
which relates the geologic agc, method of derivation, 
and method of aging of clays to their colloidal activ- 
ity, showing that colloidal inactivity increases @ and 
meereases cohesion. He found that European clays of 
the Triassic and Jurassic ages were considerably mora 
active than cortain younger North American clays, name- 
ly samples from the Chicago, Tienes area. 

The 1llite clay used in this thesis was ob- 
tained at Morris, Illinois not far, geographically, from 
Chicago. Kerr and Kulp (Ref. 6) established that this 
Mebebe originated in the cyclothemic activity of early 
Pennsylvanian time. From the Liquid Limit-Plastic 
Limit-Clay fraction relationship the illite falls with- 


in the class of "normally active" clays. 





SO 

Turnbull's experiments were developed at an 
optimum moisture content for each soil and at rates of 
strain varying from .05 in/min to unlimited duration. 
He states that the curve for the shearing rosistance 
for a saturated soil is parallel to those at optimum 
moisture content but have norinal stross approximately 
Sme-third loss. He points out the difficulty of com- 
pletely saturating an impermeable soil. Also, the state- 
ment is made that the angle of internal friction re- 
mains the same in both the optimum moisture and satu- 
rated conditions. 

The results of this experiment do not sustain 
these arguments. Again emphasis should be placed upon 
the variations of pore water pressure depending upon 
drainage conditions, rate of shear, and vertical load 
Which will certainly cause corresponding variations in 
the observed values of shearing resistance and for which 
agsolutely no allowance is made. 

The unique points of intersection of the 
curves representing maximum shearing resistance, solu- 
tions to Coulomb's equation, and cohesion at each rate 
of strain are inapplicable and have no practical value 
for the conditions under which this experiment was per- 
formed. Any significance of thesc points has been com- 
pletely lost apparently because of the saturated condi- 
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The findings of this thesis serve best as a 
warning that the proposed laws are not satisfied for a 
saturated illite clay, and secondly, as the first phase 
of an investigation which eventually may lead to the 
correlation of true cohesion in a saturated soil with 
capillary normal stress in a non-saturatecd soil. The 
unloading curves definitely show that cohcsion is not 
constant for any given soil but will vary widely (75 
per cent at 4 tons/sq.ft. preconsolidation in this 
case) depending upon the rate of strain, normal stress, 
and preconsolidation. Further work is nocessary to 
establish the effects of rate of strain upon cohesion 


in a saturated soil. 
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CONCLUSIONS 
Cohesion increases with normal stress, 
The magnitude of cohesion depends upon rate of 
strain, normal stross, moisture content, the minera- 
logical nature and fineness of the clay. 
Turnbull's laws were not proven applicable to a 
saturated clay. 
For normal stress lcss than 75 per cent of the 
preconsolidation stress, the shearing resistance 
ceases to be a straight-line function. A large 
error on the unsafe side would be introduced if 
so assumed. 
A vigorously accurate mathematical expression for 
cohesion is not a simple relation but an extremely 
complex variable. Present cohesion formulas can 
only be applied within narrow limitations to ex- 
press its true value. 
Further studies should be made at higher vertical 
loads and with a wider range of rates of strain to 
PUD me ven US CODE GOs eoleston yar tac Lola. 


both at optimum moisture and saturated conditions. 
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PAR Gece. 
SUMMARY 
The test data proves conclusively That truco 
cohesion exists as a dependable force which increases 
proportionately with normal stress. Further tests on 
Savuratod illite are required to ascertain the full 
effects of pore pressure and rate of strain. Such a 
program conceivably could be carriod out for all ma- 
jor clay minerals before satisfactory foundation do- 


sign criteria becomes available. 
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